Growth rate of the (001) and {010} faces of glycine crystals was measured as a function of supersaturation in a flow cell system. A growth mechanism was identified by comparing the results with theoretical models and by calculating the a-factors. The BCF equation fits the growth data well. Thus, crystals growth of glycine can be explained by the screw dislocation mechanism.
Introduction
puter simulations [51 have shown that if a is less than about 3, the interface is rough, and the The control of crystal habit (shape) and growth growth is linearly dependent on the supersaturarate has great importance in fields ranging from tion. If a is greater than 4, the interface is the chemical and pharmaceutical industries [11to smooth, and the growth occurs at the steps generthe crystallography of proteins and the laser techated by defects of surface nucleation. nology using frequency-doubling crystals [21. The
We studied the growth kinetics of glycine crysshape of a crystals is determined by the relative tals from aqueous solution. Glycine was chosen as growth rates of its faces. Faces with the slowest a model compound because of: (1) simplicity of growth appear as large developed faces. The bethe molecular structure, (2) intermolecular hydrohavior of the growth rate of a crystal face is gen bonding in its crystal structure, which is simidependent on its underlying growth mechanism. lar to that found in peptides and protein crystals, In a supersaturated solution, solute molecules and (3) the pro-chiral property of its crystal strucare transported from the bulk of a solution to the ture, which demonstrates an enantio-selectivity to crystal surface, and integrate into the surface at a chiral additives. A flow cell was designed to obkink site, or return to the solution. Depending on tam the growth rates of each face of single crysthe rate limiting step, mechanisms can be classitals as a function of supersaturation under confied into diffusion controlled or surface integrastant conditions (concentration and temperature). tion controlled. For surface integration controlled
The growth mechanism was identified by fitting kinetics, the rate limiting steps are related to the growth kinetic models to glycine growth data, and structure of the solid-liquid interface. Several by calculating the a-factors for each set of faces. growth kinetic models have been proposed, and the dependence of growth rate (G) on supersaturation (o• = ln(c/s)) has been derived [3, 4] . The interface structure can also be characterized in 2. Experimental procedure terms of the surface entropy factor, a [4] . Experimental results [6 7 3 ). centration of glycine was then analyzed with a UV spectrophotometer (Perkin-Elmer).
The apparatus used for the flow cell experiments is shown in Fig. 1 . A procedure for seed crystal preparation was developed that produced the desired size (10-50~m) and the number (<10) of seeds in a cell. In this manner, local concentration gradients in the cells were avoided. Seed crystal preparation was as follows: A 40% ethanol-water solution saturated with glycine was mixed with the saturated glycine water solution (at 23°C) in the ratio of 4: 1. This solution was then placed into the cells. After glycine crystals nucleated, and the seeds grew to the desired size, the cells were flushed with the growth solution 
Kinetic models
The flow rate used, 10 mI/mm, was within thẽ Lb range in which the growth rate was independent ______________ of the flow rate, and is not limited by diffusion in the bulk of the solution. Thus, the rate determining process of growth was the surface integration. to the number and the source of kink sites on the crystal surfaces, these include rough surface, screw dislocation, and surface nucleation mecha- The growth rate was measured as a function of supersaturation (fig. 4) . The growth rate for each supersaturation in fig. 4 represents an average of Screw dislocation mechanism (BCF model): The several crystals (3-5 crystals). For each crystal, 3 growth rate is limited by the integration of a to 8 measurements of growth rates were done. it growth unit into the crystal at a step generated by was observed that the larger seeds (> 100 p.m) lattice defects on the surface. The dependence of grew faster than the smaller ones. Thus, the growth rate on supersaturation has been degrowth rate data presented were obtained from a scribed as [4] : size range of 30 to 80~m. A typical standard deviation of growth rate in a cell is 30%, which G =K2u when
where K4 = K2 K3.
• G{O1 1} results of a non-linear fit of eq. (4) is shown in fig. -4.5 -3.5 -2.5
Surface nucleation mechanism (birth and spread
6. The equations for glycine crystal growth rate (~m/min)are 
.
2 tanh(0.08/cr),
frequently used in chemical engineering, was also The standard errors of the fitted parameters are tested. According to eqs. (4)- (6), a = 1 for both listed in table 1. the BCF model at high supersaturation and the To verify the mechanism, the growth data were rough surface mechanism, and a = 2, for the BCF further tested on the birth and spread model. model at low supersaturation. If a > 2. 5, growth The model was evaluated by plotting the data occurs by the surface nucleation mechanism. The according to the linear form of eq. (7), ln(G/u5/6) values of a were obtained by least square fit of versus u~. As shown in fig. 7 , the data are not the equation, ln G = a ln u + b, to the data ( fig. explained by this model. When surface nucleation 5). It was found that a = 1.5 ±0.2 for the set of occurred at higher supersaturation, the value of y (011) faces, and a = 1.3 ±0.2 for the set of (010) obtained was an order of magnitude smaller than the value reported by Black and Davey [9] .
• G{011} surface nucleation model (eq. (7)).
The surface entropy factor
In terms of measurable quantities, the a-factor can be expressed as [10] :
where~1H, is the heat of solution, and~is the anisotropy factor, and can be expressed as
Esiice is the horizontal bond energy between adjacent solid blocks, and Ecr is the total crystalliza- Using eq. (11), the a-factor was calculated to be 3.9 for the (011) faces and 5.5 for the (010) faces, based on the heat of solution [11] and attachment and slice energies [12] . The observanormal to the faces. This provides good binding tions of faceted faces and the high value of the sites for polar water molecules [12] . Thus, the a-factor suggest that the growth occurs on a growth of (011) faces, along the c direction, is smooth surface by a defect mediated mechanism, expected to be slower than the predicted rate This is in agreement with the results from the based on the a-factor. Although the calculated growth kinetics, a-factor value, 3.9, for the (011) face is at the border of the BCF model and other mechanisms, the slower growth rate of {011} faces due to 4. Discussion solvent adsorption supports our proposition of the screw dislocation mechanism for the glycine According to the results from fitting various crystal growth. models to the glycine crystal growth data and the Our observation that the larger crystals often calculation of the a-factor, the growth of glycine grew faster than the smaller ones under the same crystals is explained by the screw dislocation conditions may be related to the growth dispermechanism. The parameter, K3, in eq. (4) was sion. Growth dispersion of single crystals under found to be 0.08 for the {011) faces and 0.03 for constant conditions has been reported in several the (010) faces. These values of K3 are in the studies [13] [14] [15] . This phenomenon may indicate a same range as the experimental values of the surface integration mechanism, particularly the supersaturation (0.015-0.08). In this case, eq. (4) BCF model, where the variation in growth rates cannot be simplified to either the quadratic funcis due to the difference in the surface density of tion in eq. (5) or the linear function in eq. (6) . defects on the seed crystals. This is consistent with the fitted a-values in eq. (8) (1.5 for the (011) faces and 1.3 for the (010) faces). Acknowledgments Only thermodynamic variables are taken into account in the a-factor; however, the kinetic aspects and the adsorption of solvent molecules on
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